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Becausethallium-20l uptake relates directly to the amount
of viable myocardium and nutrient blood flow, the po-
tential for exercise scintigraphy to predict response to
coronary revascularization surgery was investigated in
47 consecutive patients. All patients underwent thallium-
201 scintigraphy and coronary angiography at a mean
(± standard deviation) of 4.3 ± 3.1 weeks before and
7.5 ± 1.6 weeks after surgery. Thallium uptake and
washout were computer-quantified and each of six seg-
ments was defined as normal, showing total or partial
redistribution or a persistent defect. Persistent defects
were further classified according to the percent reduc-
tion in regional thallium activity; PD25-50 denoted a 25
to 50% constant reduction in relative thallium activity
and PD> 50 denoted a greater than 50% reduction. Of
82 segments with total redistribution before surgery, 76
(93%) showed normal thallium uptake and washout
postoperatively, versus only 16 (73%) of 22 with partial
redistribution (probability [p] = 0.01). Preoperative
ventriculography revealed that 95% ofthe segments with
total redistribution had preserved wall motion, versus
only 74% of those with partial redistribution (p =0.01).
Coronary revascularization surgery is being performed with
increasing frequency to relieve symptoms of atherosclerotic
coronary artery disease (l). Of continued interest to many
is the preoperative detection of ischemic but viable myo-
cardium (2-6), the mechanism of postoperative relief of
angina (7,8) and the ultimate effects of surgery on left ven-
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Of 42 persistent defects thought to represent myocardial
scar before surgery, 19 (45%) demonstrated normal per-
fusion postoperatively. Of the persistent defects that
showedimproved thallium perfusion postoperatively,75%
had normal or hypokinetic wall motion before surgery,
versus only 14% of those without improvement (p <
0.(01). Whereas 57% of the persistent defects that showed
a 25 to 50% decrease in myocardial activity demon-
strated normal thallium uptake and washout postoper-
atively, only 21% of the persistent defects with a decrease
in myocardial activity greater than 50% demonstrated
improved perfusion after surgery (p = 0.02).
Thus, preoperative quantitative thallium-20l scintig-
raphy appears useful in predicting response to revas-
cularization surgery, and some persistent defects may
revert to normal thallium uptake after surgery. Impor-
tantly, the preoperative distinction between viable and
nonviable myocardium can be reasonably established by
quantitating the amount of persistent reduction in thal-
lium uptake and correlating this with preoperative wall
motion.
tricular function and perfusion (9,10). Because symptoms,
morbidity and mortality of coronary disease are all the direct
consequences of inadequate myocardial perfusion, employ-
ing techniques that assess nutrient blood flow distribution
to the myocardium seems rational for studying the effects
of revascularization surgery.
Thallium-201 myocardial perfusion scintigraphy has be-
come a clinically important technique for detecting and eval-
uating patients with coronary artery disease (I I). Because
uptake of thallium-20 I after exercise is directly related to
the amount of viable myocardium and regional blood flow
(12-15), this noninvasive technique appears suitable for
evaluating the effects of revascularization surgery. Indeed,
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Table 1. Preoperative Clinical Characteristics of 47 Patients
Values expressed as mean ± standard deviauon or number uf patients .
' Major epicardial coronary vessel wuh 50'k or greater stenosis t Exerclsc-ln-
duced ST segment depression (2" I mm) or angina
Exercise testing. All patients were exercised on a treadmill
using either the Naughton (25) or the Bruce (26) protocol at a
mean ( ± standard deviation ) of 4 .3 ± 3.1 weeks before surgery .
The Bruce protocol was employed in all patients at a mean of 7 .5
± 1.6 weeks after surgery. During both the pre- and postoperative
tests , all patients were exercised to symptom-limited end points ,
a fall in systolic blood pressure greater than 10 mm Hg below the
peak value at the previous stage, frequent (more than 10/min) .
multifocal or paired extrasystoles or ST segment depression greater
than 3 mm.
Myocardial perfusion scintigraphy. A dose of 1.5 mCi of
thallium- 201 (New England Nuclear Corporation) was adminis-
tered intravenously. followed by a 10 ml saline flush as the patient
approached the exerc ise test endpoint. Exercise was continued for
an additional 30 to 60 seconds if symptoms . electrocardiographic
changes and blood pressure were stable . Imaging commenced 10
mmutes after injection with the patient supine in the anterior pro-
jection. followed sequentially by 45° left anterior oblique and 70°
left anterior oblique projections. respectivel y. The anterior and 45°
left anterior oblique images were repeated I hour and 2 to 3 hours
after thallium administrat ion. Before surgery , the late imaging
sequence (redistribution phase) commenced 2.5 ± 0.6 hours after
injection in the anterior projection and 2.7 ± 0.6 hours in the 45°
left antenor oblique projection. All images were recorded for a
preset time of 10 minutes with an Ohio Nuclear 420 portable
gamma camera using an all-purpose (GAP) medium resolution
collimator and a 25% window centered on the 80-keV X-ray peak.
Usually 500,000 to 600 ,000 counts were collected per image . In
addition to conventional scinnphotographic imaging on transpar-
ency film, all studies were stored in a computer (MDS-MUGA
cart or A2) for standardized image formation and quantification of
relative thallium-201 activit y in the myocardium by methods pre-
viously described (27) .
The clinical utility of our quantitat ive technique j ar assessing
serial changes III myocardial thallium activity has been described
(23.28- 301. To summarize the technique briefly. quantitation of
thallium images was undertaken by first performing a background
subtraction using a modified bil inear interpolation method similar
to the one described by Goris et al. (3 1). Slightly more complex
weightin g functions were used that differed from the original for-
several studies (16-22) have already correlated postopera-
tive scintigraphic findings with graft patency and follow-up
data . However, in only 29% of the patients in these studies
were pre- and postoperative scintigrams obtained , all of
which utilized qualitative imaging techniques for estimating
myocardial distribution of thallium. Because quantitative
scintigraphic analysis permits objective evaluation of both
thallium uptake and washout kinetics and is more sensitive
than qualitative methods , it seems advantageous for making
pre- and postoperative comparisons (23 ,24).
On the basis of experimental animal studies of transient
ischemia and infarction (12- 15) and current interpretation
of stress-redistribution thallium scintigrams, it may be as-
sumed that: I) myocardial segments showing normal thal-
lium uptake and washout after exerci se should remain nor-
mal after surgery ; 2) segments showing intital defects after
exercise with delayed redistribution should represent isch-
emic but viable regions that should revert to normal after
revascularization, and 3) myocardial regions demonstrating
persistent defects on serial images should represent scar,
with little improvement expected if vessels perfusing such
zones were to be grafted. In order to validate these as-
sumptions, we prospectively examined pre- and postoper-
ative exerci se scintigraphic , angiographic and ventriculo-
graphic data in an unselected group of patients with angina
pectoris referred for coronary bypass surgery. Our aims were
to investigate the functional significance of a wide range of
preoperative perfusion defects as assessed by quantitati ve
thallium-20l scintigraphy and to determine the correspond-
ing changes in myocardial perfusion resulting from coronary
revascularization.
Methods
Study patients. The study group compri sed 47 consecutive
patient s who had primary isolated coronary artery bypass graft
surgery at the University of Virgirua Medical Center. Each patient
underwent diagnostic cardiac catheterization and symptom-limited
exercise thallium-20 I scintigraphy before and after surgery. Post-
operative studies were obtained without respect to symptoms. after
obtaining informed written consent.
Forty-three men and four women (mean age ± standard de-
viation 54 ± 8 years) , were studied (Table I). Twenty-three pa-
tients had a history of enzyme-confirmed myocardial infarction .
Of these , 12 had pathologic Q waves at the time of study entry
and II did not. Fifteen patients had a subnormal left ventricular
ejection fraction « 55%) and the mean value for the group was
60 ± 13% (range 32 to 83). Forty-two patient s (89%) had typical
exertional angina before surgery , four (9%) had atypical angma
and one (2%) denied chest pain but had a markedl y positive ST
segment response to exercise . In the four patients with only mild
angina, the indication for surgery was left mainstem coronary
stenosis in three and severe three vessel disease in one . Overall ,
40 patients (85%) had exercise-induced ST segment depression or
limiting angina and 46 patients (98%) had an abnormal thallium-
201 scintiscan.
Age (yr)
Sex (male)
Duration of angina (rno)
Functional class
I
II
11\
IV
Extent of coronary disease*
Ejection fraction (%-)
lscherruc ST segment t or
angina t
Abnormal scintigram
54 ± 8
43 (91%)
39 ± 43
4 (8%)
14 (30%)
2 1 (45%)
8 (17%)
2.6 ± I I
60 ± 13
40 (85%)
46 (98%)
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mula (32). These functions provide proximity weighting near the
edges of the background-defining region to produce a more rapid
falloff of the generated background as it is extrapolated beneath
the myocardial rim in the proximity of intense background regions.
such as the liver or stomach. Images were then smoothed and
residual myocardial activity was determined using standard com-
puter software to perform multiple profile slices across the myo-
cardial irnages. Peak counts were measured from the profiles cross-
ing multiple myocardial segments. Myocardial thalliumtime-activity
curves were then constructed from the peak profile counts from
each of these segments in the three serial images to determine the
quantitative patterns of initial distribution and washout of the
radionuclide.
Image interpretation. The thallium-201 images from each
patient were examined by two independent observers without
knowledge of patient identity. date of study and clinical or angio-
graphic data. Complete agreement occurred in 95% of studies (89
of 94). In cases of disagreement. differences were resolved by
consensus with a third observer present.
For purposes of analysis. the anterior and 45° left anterior
oblique images were divided into six segments and each segment
was scored on a scale of I to 5. depending on the type and severity
of the perfusion abnormality (Fig. I ) . Criteria for designating a
scan segment as abnormal were based on the relative quantitative
evaluation of the initial (10 minutes post-stress) images. A nu-
merically significant defect was designated if regional thallium
uptake was reduced by 25% or more in anterolateral. anteroseptal.
apical. posterolateral or inferoapical segments and by 35% or more
in the inferior segment. The delayed (2 to 4 hours post-stress)
images were used to characterize the type of perfusion defect.
Redistribution abnormalities were classified as total or partial.
depending on the amount of equalization in net thallium-201 ac-
tivity compared with that in a normal myocardial region (Fig. 2).
Total redistribution was designated if an initial numerically sig-
nificant defect had proceeded to a numerically insignificant value
on the delayed images. If the defect ratio between a normal and
abnormal region had progressed toward unity but still represented
a greater than 25% residual defect in the delayed images. partial
redistribution was designated. Persistent thallium-201 defects were
classified into those showing a 25 to 50% decrease in myocardial
activity over time (PD25-50) and those with a greater than 50%
reducnon (PO > 50) '
Angiographic studies. Diagnostic coronary angiography m
multiple oblique projections and left cineventnculography were
performed 4. 1 ± 3.2 weeks before surgery. using either the Jud-
kins (33) or Sones (34) technique. The three major coronary ar-
teries and their branches were independently examined by two
experienced angiographers without knowledge of the scintigraphic
data. Maximal luminal diameter narrowing for each major coronary
artery was estimated visually and differences of interpretation were
resolved by consensus with a third angrographer present. Stenoses
were considered significant if graded as 50% or greater obstruction.
Cineangiograms of the native and graft circulations and left
ventriculograms were obtained at a mean of 7.7 ± 1.8 weeks
after surgery without respect to symptoms. on the day after the
postoperative scintigraphic study. The Judkins technique was used
exclusively. Selective methods were used to identify patent grafts.
aided by previous surgical placement of metallic rings around the
orificesof the aortosaphenous vein anastamoscs, Grafts were con-
sidered occluded if there was failure to enter a graft orifice after
intensive catheter search and if a patent graft could not be dem-
onstrated on supravalvular power injection aortography.
Pre- and postopera tive wall motion was assessed qualitatively
by dividing the left ventricle into anterolateral. apical and inferior
walls in the anterior view and the septal. inferoapical and postero-
lateral walls In the 45° left anterior oblique view. Each segment
was evaluated for the presence and severity of asynergy according
to the terminology used by Herman and Gorlin (35). Wall motion
was graded by two independent observers without knowledge of
clinicalor scintigraphicdata. Completeagreement occurred in 93%
of studies (87 of 94). In cases of disagreement. differences were
resolved by consensus. using a third observer.
Coronary bypass surgery. At operation. an attempt was made
to revascularize all major and branch vessels with 50% or greater
stenosis. Myocardial protection consisted of core cooling to 25 to
28° C with iced saline solution in the pericardial well and cold
cardioplegia infused every 15 to 30 minutes. In all cases. the
technique of revascularization was aortocoronary bypass grafung
(either simple or sequential) utilizing autologous reversed saphe-
nous vein. In SIX patients. an endarterectomy was performed before
graft insertion because of extensive distal disease. In 47 patients.
135 stenosed vessels received a graft (2.9 ± 1.2 vessels per patient).
Statistical analysi s. Continuous data arc recorded as mean ±
standard deviation. To determine differences between means of
HIGH
POSTEROLATERAL
INFEROAPICAL
SCORE CODE FOR SEGMENTAL PERFUSION
I =NORMAL UPTAKE AND WASHOUT (NL)
2= INITIAL DEFECT WITH TOTAL REDISTRIBUTION (TRd)
3=INITIAL DEFECT WITH PARTIAL REDISTRIBUTION (PRd)
4=PERSISTENT DEFECT OF 25-50% (PD 2S - 50)
5=PERSISTENT DEFECT OF >50% (PDSO)
Figure I. Top, Schematic representation of anterior
(left) and 45° left antenor oblique (right) scmugraphrc
images used for analys is of segmental thallium-20 I up-
take and washout Bottom, Cntena for designating a
scan segment as abnormal based on quantitative eval-
uanon of muial and delayed images.
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Figure 2. Preoperative (PRE-OP) sequential 45° left
anterior oblique (LAO) scintigraphic images (top) ob-
tamed 10 minutes. 1 hour and 2.5 hours after mjecnon,
and the corresponding thalllum-201 time-activity curves
(bottom). The time-activity curves confirm normal up-
take and washout of thallium m the low posterolateral
segment. total redistnbunon in the high posterolateral
segment and partial redistnbuuon in the anteroseptal
segment.
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independent observations, a one-way analysis of variance was
performed. Chi-square analysis (with Yates' correction) was used
to determine differences between proportions.
Results
Forty-two patients (89%) were asymptomatic at the time
of their postoperative evaluation. Four of the remaining five
patients noted significant but incomplete anginal relief, and
one patient with atypical angina before surgery claimed no
change after surgery. Postoperatively, the mean functional
class of the patients was significantly improved to 1.1 ±
0.3, compared with the preoperative functional class (2.7
± 0.9, p <0.001).
Postoperative graft patency. Of 135 vein grafts to ma-
jor or branch coronary vessels, 121 (90%) were patent at
the time of follow-up cineangiography. All patients had at
least one patent graft and the mean number of patent grafts
per patient was 2.6 ± 1.1. The patency rate was 98% for
left anterior descending artery grafts (44 of 45), 86% for
diagonal branch grafts (12 of 14), 82% for circumflex or
marginal branch grafts (32 of 39) and 89% for grafts to the
right coronary artery (33 of 37).
Exercise test results. Compared with preoperative val-
ues, postoperative testing revealed a significant increase in
mean maximal heart rate (114 ± 22 versus 152 ± 21 beats/
min, p <0.001), systolic blood pressure (147 ± 23 versus
172 ± 23 mm Hg, p <0.001), heart rate-systolic blood
pressure product (16.8 ± 4.6 x 103 versus 26.5 ± 5.9 x
103 , P <0.001) and work load in metabolic equivalents
(METS) (5.6 ± 2.2 versus 7.4 ± 2.2, P <0.001). The
average increase in each of these variables was 38, 19,67
and 51%, respectively. The rate-pressure product failed to
increase in only one patient and increased by more than
25% in 38 patients (81%) after surgery.
Thallium-2Ot myocardial perfusion scintigraphy.
Figure 3 depicts the scintigraphic findings in 282 scan seg-
ments before and after surgery. Preoperatively, 136 seg-
ments (48%) were normal, 104 showed either total (n =
82) or partial (n = 22) redistribution and 42 demonstrated
either moderate (PD 25-50) or severe (PD >50) persistent
defects. Postoperatively, 242 segments (86%) showed nor-
mal uptake and washout of thallium, 14 demonstrated total
or partial redistribution and 26 had a persistent defect. In
agreement with our original assumption, the vast majority
(88%) of the redistribution abnormalities observed before
surgery normalized after surgery (92 of 104). An unexpected
finding was that 19 (45%) of the 42 preoperative persistent
defects showed normal thallium uptake and washout post-
operatively. Figures 4 and 5 illustrate examples of redistri-
bution and persistent thallium-201 defects that disappeared
after surgery.
Figure 6 illustrates thefrequency with which the various
types of perfusion abnormalities normalized after surgery.
Although 76 (93%) of 82 segments with total redistribution
became normal, only 16 (73%) of 22 with partial redistri-
bution showed normal uptake and washout of thallium post-
operatively (p = 0.01). Sixteen (57%) of28 segments with
moderate persistent defects (PD25-50) became normal after
surgery. In contrast, only 3 (21%) of 14 of the more severe
persistent defects (PD>50) showed normal thallium uptake
and washout postoperatively (p = 0.02).
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Figure 3. Thalhum-201 perfusion patterns In 282 scan
segments before and after coro nary artery bypass graft
surgery. (NL = normal : PD = persistent defect (25-
50 or > 50%): PRd = partial redistrib ution: TRd =
total redistribution
NL
T Ad
PAd
PD 25- 50
L------- 1 ----
NL
TAd
PAd
PD 25 -50
Figure 7 depicts the quantitatively determined percent
reduction in regional thallium uptake fo r those persis tent
def ects that normalized (n = 19) or improved (n = 2) after
surgeryversus those that did not (n = 21). The mean percent
reduction in regional thallium activity for the persistent de-
fects that improved was 36 ± 9% compared with 54 ±
13% for those showing no improvement (p < 0.001). De-
spite this difference in mean values. there was considerable
overlap in the entire group of patients with preoperative
persistentdefects. This indicates that our arbitrarydefinition
of a moderate versus a severe persistent defect was not
entirely satisfactory in predicting postoperative improvement.
Correlations with preoperative regional wall mo-
tion. The relation between segmental thallium-201 perfu-
sion and regional wall motion before surgery is depicted in
Figure 8. Of 282 scan segments, appropriate right anterior
or left anterior oblique ventriculograms were available in
250 (89%). Asexpected. segments with normal preoperative
perfusion (that is. normal thallium uptake and washout) and
those with total redistribution were associated with normal
or hypokinetic wall motion in 98% (115 of 117) and 95%
(69 of 73), respectively. By comparison. only 74% (14 of
19) of the segments with partial redistribution had preserved
preoperative wall motion (p = 0.0 I). Lastly. 59% (16 of
27) of the less severe persistent defects demonstrated normal
or hypokinetic wall motion preoperatively versus only 14%
(2 of 14) of those withgreater than50% reduction in thallium
activity (p = 0.0 I).
Thus. the overall pattern of our scintigraphic and ven-
triculographic data appear to indicate a continuum of se-
verity of thallium defects starting with totally reversible
defects, progressing to partial redistribution, to those show-
F2563 POST - OP
Figure 4. Postoperat ive (POST-OP) 45° left anterior
oblique (LAO) scintigraphic images (top) and the cor-
responding thallium time-activ ity curves (bo ttom) from
the same patient as in Figure 2. The time-activity curves
confirm normal uptake and washout in both the high
posterolateral and anteroseptal segments. indicating en-
hanced coronary flow dunn g exercise. en
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Figure 5. A, Preoperative (PRE-OP) thalhum-20 I SCIn-
tigraphic data indicate a persistent defect In the postero-
lateral region. The count rate from this myocardial re-
gion is decreased 45'k at 10 minutes and maintains a
constant ratio with a presumed normal anteroseptal re-
gion over the 2 3 hour Imaging interval. B, Postoper-
ative (POST-OP) thalhum-20l SCintigraphic data indi-
cate normal uptake and washout from the posterolateral
region. Left ventriculography performed 1 day later re-
vealed reversal of posterolateral akinesia to normal wall
motion and an increased ejection fraction from 50 to
65ck postoperatively LAO = left anterior oblique.
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ing mode rate but persi stent tha llium defects and finally to
those demonstrating marked persistent reduction in thallium
uptake .
The relation between type of preoperative wall motion
abnormality and postoperative pattern of thallium uptake
in areas designated as persistent def ects is shown in Figure
9. Of 4 1 segments for which appropriate ventr iculograms
were avai lable , 20 showed improved thall ium uptake after
surgery and 21 did not. As illustra ted, 75% of the segments
that improved after surgery had normal or hypokinetic wall
motio n on the preoperative ventriculogram. In contrast. only
19% of the segments that did not improve postoperatively
had normal or hypokinetic wall motion before revascular-
ization (p < 0.00 I). There were only five persistent defects
associated with aki nesia before surgery that show ed im-
proved thallium uptake after surgery. Interestingly. three of
these five segments showed a concomi tant reversal of aki-
nesia to normal or hypokinetic wall motion postoperatively.
The meaning of this finding is unclear beca use we expected
the three myocardial segme nts demonstratin g both akinesia
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Figure 6. Data indicate that as preoperative perfusion abnormahtres be-
come progressively more severe (abscissa), the probability of restonng
thallium uptake and washout to normal postoperatively (ordinate) becomes
progressively less likely NS = not significant. p = probability; other
abbrevranons as in Figure 3. See text.
Figure 8. Data indicate a close relation between preoperative thallium-
201 perfusion (abscissa) and regional wall motion in the corresponding
ventnculographic segments (ordinate). Abbreviations as before See text.
Figure 7. The percent reduction in regional thalhum-Ztlt uptake for per-
sistent defects (PDs) that normalized or Improved a.ter surgery (solid
circles) was significantly lower, compared with those that did not Improve
(open circles).
on ventriculography and persistent thallium defects on scin-
tigraphy preoperatively to represent scar and, hence, to show
no improvement in perfusion and function after surgery.
These segments, however, constituted only 14% (3 of 22)
of all akinetic or dyskinetic segments. Most segments dem-
r- p < 0.001-.
8
onstrating akinesia and persistent thallium defects do not
improve.
Correlations with global left ventricular function. We
also examined serial changes in left ventricular ejection
fraction after surgery in the 47 patients in this study. Figure
10 summarizes these data by classifying patients as those
who did (Group A) and those who did not (Group B) dem-
onstrate normal thallium uptake and washout after surgery,
The baseline preoperative ejection fraction was significantly
higher in Group A than in Group B (67 ± 9 versus 52 ±
15%, p <0.001). This was not unexpected because patients
in Group B had a greater prevalence of prior myocardial
infarction than those in Group A (16 [84%1 of 19 versus 7
[25%J of 28, p <0.001). Stated differently, patients with
prior infarction had a greater incidence of residual thallium
perfusion abnormalities after surgery, compared with those
without prior infarction (16 [70%1 of 23 versus 3 [12%1 of
24, p <0.001). Also, no patient in Group A demonstrated
a PD>50 segment on the preoperative scintigram.
Of note, there was no significant increase in mean ejec-
tion fraction at rest after surgery in either Group A or Group
B, although 91% of the patients showed improved perfusion
in the distribution of at least one diseased coronary vessel.
However, when patients with a normal preoperative ejection
fraction were excluded, the remaining 15 patients from both
groups did show a significant increase after surgery (43 ±
7 versus 51 ± 10%, P = 0.04).
Discussion
In this study, we prospectively investigated the signifi-
cance of a wide range of preoperative myocardial perfusion
abnormalities as determined from thallium-201 scintigraphy
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Figure 10. Pre- and postoperative left ventricularejection fraction In pa-
tients whose thalltum-201 scmngrams normalized after surgery (Group A)
versus those whose did not (Group B). Despite stratifying patients based
on postoperative scintigraphy, no significant change In ejection fraction at
rest could be demonstrated Abbreviations as before.
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Figure 9. Preoperative (PREOP) ventriculographic findingsin41left ven-
tricular (LV) segments with persistent thalltum-201defects. Segments that
showed improved thallium perfusion postoperatively (solid bar s) were
significantly more likely to demonstrate normal or only hypokinetic wall
motion. compared with those that showed no Improvement (open bars).
by assessing the therapeutic effects of coronary revascular-
ization surgery. Because we employed a quantitative ap-
proach for evaluating thallium uptake and washout kinetics,
this work represents the first systematic attempt to objec-
tively compare pre- and postoperative scintigrams. Im-
proved regional myocardial perfusion has previously been
reported in patients after successful coronary bypass surgery
(9, 16-22). Our study confi rms this experience but also
indicates a continuum of disease severity as assessed by
quantitative myocardial perfusion scintigraphy and a cor-
responding continuum of physiologic response to therapy.
Indeed. our data indicate quite clearly that as perfusion
defects defined by our classification scheme become pro-
gressively more severe. the probability of restoring myo-
cardial blood flow toward normal after operation becomes
progressively less likely.
Pre- and Postoperative Changes in
Myocardial Perfusion
The patterns of abnormal myocardial perfusion observed
in this study during the preoperative scintigraphic assess-
ment included focal stress-induced defects with complete
redistribution, larger defects with partial redistribution.
moderate persistent defects demonstrating a 25 to 50% re-
duction in relative thallium activity and no redistribution
within the time interval of the imaging procedure and severe
persistent defects withgreater than 50% reduction in relative
thallium activity. The frequency with which these defects
normalized after surgery was significantly related to the
severity of the preoperative abnormality. Perfusion defects
that demonstrated total redistribution in the delayed images
before operation consistently reverted to normal thallium
uptake and washout after revascularization. Myocardial re-
gions showing partialredistribution on thepreoperativescin-
tigrams usually. but not invariably. demonstrated improve-
ment after bypass surgery, whereas only 57% of the moderate
persistent defects and 21% of the severe persistent defects
showed improvement. The improvement in perfusion in seg-
ments showing abnormal thallium kinetics preoperatively
was associated with higher levels of exercise, which would
be expected to enhance detection of perfusion defects in the
absence of successful revascularization. Thus. our results
demonstrate that by applying quantitative criteria to thal-
lium-20 I scintigraphy and by careful comparison of the pre-
and postoperative images, scintigraphy appears useful for
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assessing myocardial viability and, hence, the potential re-
sponse to revascularization surgery preoperatively,
Mechanisms of postoperative improvement in delayed
redistribution. Such changes in thallium perfusion
patterns resulting from revascularization surgery were not
unexpected. There is a substantial amount of experimental
data (12-15) indicating that total redistribution of thallium
occurs under conditions of transient ischemia or chronic
reduction in coronary blood flow at rest, as long as myo-
cardial necrosis or scar is not present. The mechanism for
delayed redistribution under these conditions has previously
been described in detail (13). Thus, if enhanced coronary
flow during exercise is achieved through patent grafts in
these regions showing redistribution, conversion to normal
initial thallium uptake after exercise should be observed. In
the present study, 93% of segments showing preoperative
total redistribution became normal after surgery. The data
showing that total redistribution is highly predictive of a
favorable response to surgery are also supported by ventri-
culographic data derived in this study. Almost all (95%)
myocardial segments demonstrating preoperative total re-
distribution were associated with normal or hypokinetic wall
motion at rest, suggesting myocardial cellular viability.
It is quite likely that segments demonstrating partial thal-
lium redistribution represent a distinct subgroup. Signifi-
cantly fewer (74%) of these segments had preserved pre-
operative wall motion. On the basis of a less favorable
response that these segments showed after revascularization,
it appears that this perfusion pattern indicates a mixture of
ischemia and scar. Those defects with partial redistribution
showing conversion to normal uptake postoperatively most
likely represented predominantly ischemia on exercise
scintigraphy.
Mechanism of improvement in persistent defects. We
anticipated that initial postexercise thallium defects showing
no delayed redistribution would represent prior myocardial
infarction or scar. The response to revascularization surgery
of myocardial regions showing persistent thallium defects
on serial postexercise images was both unexpected and het-
erogeneous. More than half of the mild persistent defects
showed improvement or were completely normalized after
revascularization, whereas only a few of the severe per-
sistent defects showed improvement. The regional wall mo-
tion data are consistent with these findings. Seventy-five
percent of the persistent defects that normalized after surgery
had normal or hypokinetic preoperative wall motion in the
corresponding ventriculographic segments. This suggests
that these areas may not represent nonviable or irreversibly
damaged tissue. This observation is similar to that of our
previously reported study (28) of serial rest thallium imaging
in patients with unstable angina undergoing coronary bypass
surgery in which more than half of the persistent defects
reverted to normal thallium uptake postoperatively. Thus,
in some patients undergoing revascularization surgery, myo-
cardial blood flow reserve is reduced to such minimal levels
that it produces persistent perfusion abnormalities on scin-
tigraphy. However, this greatly reduced blood flow seems
to be sufficient to maintain the tissue in a viable state and,
if enhanced blood flow through a patent graft is achieved,
the perfusion abnormality may improve or normalize on the
postoperative scintigram.
Methodologic Considerations
Definition of complete or partial redistribu-
tion. Because evaluation of myocardial viability by thal-
lium-20 I depends on reliable determination of redistribution
patterns, several issues related to methodology deserve fur-
ther comment. The first is the lack of a precise definition
of "complete" or "partial" redistribution. We have defined
a persistent defect when the count rate from the myocardial
region of interest is decreased significantly and maintains a
constant ratio with a presumed normal myocardial sample
over the 2 to 3 hour imaging interval (Fig. 5A). Redistri-
bution is considered to occur if the ratio of the defect tends
to change toward unity or normalizes in the delayed images
(Fig. 2). The term "complete" redistribution is often used
to describe this phenomenon, but this creates a misconcep-
tion that the initial perfusion defect completely renormalizes
its uptake within a specific length of time. Redistribution is
the result of a compartmental exchange of thallium which
occurs such that uptake within the defect region approaches
the uptake of the normal region along an exponential path-
way (13). Hence, there is no specific time at which the
redistribution process is "complete." In accord with com-
mon usage, we have adopted an approximate clinical def-
inition and classified a scintigraphic abnormality as dem-
onstrating "complete" redistribution if an initial numerically
significant defect (27-30) has proceeded to a numerically
insignificant level on delayed images taken 2 to 3 hours
after the initial scan. If the defect ratio has progressed toward
unity but still manifests a clear significant residual defect
in the delayed images, this is termed "partial" redistribution.
Optimal time to obtain delayed postexercise im-
ages. Another question related to methodology is the op-
timal time to obtain the delayed postexercise images in order
to determine whether a defect is, in fact, tending to nor-
malize or remaining persistent. The numerical values of
thallium concentration in various myocardial samples are
subject to the limitations of Poisson statistics as well as a
number of systematic errors involving, for example, posi-
tional reproducibility, nonumformity or instability of gamma
camera response and the effects of cross talk from tissues
outside the sample region (36). The effect of these errors
is illustrated in Figure II, which assumes a nominal washout
rate from the myocardium and error bands determined from
reproducibility studies on normal patients (27). This ex-
ample assumes a large, 50%, initial defect in comparison
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Figure 11. Schematic time-activity curves Illustrating the hrmtations of
precisely determining the concentration of thallium WIthin a particular
sample region at various posunjccnon times Cross-hatched areas indicate
error bands
Clinical Implications
Several conclusions ofclinical importance can be derived
from this study: I) The increase in myocardial perfusion
after coronary revascularization surgery is of sufficient mag-
nitude to be easily detectable with quantitative thallium-20 I
scintigraphy. 2) Most myocardial segments with abnormal
perfusion preoperatively demonstrate normal thallium ki-
netics postoperatively, including many that were character-
ized as persistent defects. 3) The presence of a persistent
ferences in patient populations account for much of this
reported variability. Patients with unstable angina usually
show enhanced ventricular function after successful revas-
cularization if depressed function is present preoperatively
and is due to rest ischemia (10,39). In contrast, there is
little reason to expect postoperative improvement III patients
with chronic exertional angina who are studied at rest, a
situation in which ischemia may not be present, especially
when the ejection fraction is normal preoperatively (37,38,40).
Because 68% of our patients had normal left ventricular
function before surgery, it is understandable that we failed
to show an increase in ejection fraction after surgery. Only
when patients with an abnormal preoperative ejection frac-
tion were analyzed separately did we demonstrate a signif-
icant improvement postoperatively (43 ± 7 versus 51 ±
10%, p = 0.04). In light of the observations mentioned
previously, one might presume that the mechanism of this
enhanced ventricular function is relief of ischemia at rest.
However, because the majority of patients were on no car-
diac medications when the postoperative ejection fraction
was measured, we cannot exclude the possibility that changes
in loading conditions might have contributed to this
improvement.
65
Normal
Redistribution
Persistent Defect (50%)
2 3 4
Post Injection Time (Hours)
Ul
<::
:0
0
U
0
~
0
u
0
o-,
~
Q)
>
0
Q)
0::
0
with a totally normal myocardial sample and compares the
behavior of the two myocardial segments over time assum-
ing that the defect is: I) absolutely persistent, or 2) nor-
malizes along the functional path defined by multicom-
partmental tracer exchange studies. The statistical certainty
of being able to determine whether redistribution is present
or absent can be estimated: it is poor at I hour after injection,
best at 2 to 3 hours, good at 4 hours and becomes poorly
determined at 5 or more hours after injection. This can be
appreciated in the example of Figure II by noting the extent
of overlap of the error bands. The sample errors cannot be
arbitrarily improved simply by longer image integration times
to decrease the Poisson statistics because the error bands
become dominated by the systematic error component used
in our studies and assumed in this model. Thus, these sta-
tistical considerations indicate that the 2 to 3 hour imaging
period provides near optimal statistical certainty for sepa-
rating myocardial segments that are maintaining persistent
defects from those tending to renormalize.
Preoperative distinction between viable and nonviable
myocardium. Even if these statistical limitations were not
present so that the slightest amount of redistribution could
be detected, there stilI remains the question of how well
this would characterize the biologic composition of myo-
cardial tissue. A myocardial region with diminished but not
absent thallium uptake in which there is either partial or no
redistribution may frequently represent a complex and very
heterogeneous mixture of viable and nonviable myocytes.
In this milieu, we cannot expect that determination of thal-
lium washout will specify either the exact physiologic status
of myocardium or predict with certainty its response to
surgical intervention. It is therefore expected, from both
statistical and biologic considerations, that in the case of
severe perfusion defects there will be an inevitable uncer-
tainty in the characterization of the myocardial tissue as
either viable or nonviable. The causes of this uncertainty
are basic and cannot be removed by any simple means, such
as by extending the imaging times.
Pre- and Postoperative Changes in Left
Ventricular Function
The lack of improvement in left ventricular function that
accompanied the improvement in perfusion is notable. De-
spite stratifying our patients based on postoperative scintig-
raphy, we were unable to demonstrate a significant im-
provement in rest ejection fraction after surgery (Fig. 10).
Because our patients received 2.6 ± 1.1 patent grafts and
91% showed improved perfusion in the distribution of at
least one diseased vessel, this result cannot be explained
simply on the basis of inadequate myocardial revas-
cularization.
Previous data concerning the association between sur-
gical revascularization and improved left ventricular func-
tion at rest are conflicting (10.37-39). It is likely that dif-
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perfusion defect does not necessarily indicate fibrosis or
irreversiblydamaged myocardium.
dium may show improvement in perfusion after revascu-
larization surgery.Importantly,the preoperativedistinction
between viable andnonviable myocardiumcan be reason-
ably established by quantitatingthe amount of persistent
reduction inthallium uptake andcorrelatingthis with pre-
operative wall motion. 4) Lastly, our results demonstrate
that by applying quantitativecriteriato thallium-20I scin-
tigraphy and by carefulcomparisonof pre- andpostoperative
images, myocardialperfusionimaging appears to be useful
preoperativelyfor assessingmyocardialviability and, hence,
the potentialresponse to revascularizationsurgery.
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